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I. Introduction

AMINAR forced convection in circular duct with a lon-
4 gitudinal arbitrary-shaped inner core is encountered in
a wide variety of engineering situations, such as a double-
pipe heat exchanger, gas-cooled electrical cables, and a tube
with removable insert as a heat transfer augmentative device
in a tubular recuperator. Excellent surveys of laminar forced
convections in circular and noncircular annular ducts have
been presented by Shah and London' and Shah and Bhatti.?
It was found from these surveys that, while the laminar forced
convection in circular annnlus had been thoroughly studied,
it was apparent that very little was known about that in non-
circular annulus. The regular polygon had been extensively
considered as the shape of the inner core in studies of non-
circular annulus.!?> As one of the tubeside augmentative de-
vices, the rectangularly shaped inner core is frequently used
in practical tubular recuperators. However, it has received
very little attention except with the unity aspect ratio, i.e.,
square shape.
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The point-matching method and the least squares approx-
imation method has been applied to analyze the laminar forced
convection in a circular duct with a concentric square core
under the thermal boundary conditions of axially uniform heat
flux and peripherally uniform temperature on the walls.!?
Recently, Solanki et al.>-® studied similar problems in which
thermal boundary conditions of axially and peripherally uni-
form heat flux at the inner wall and insulated outer wall with
peripherally constant temperature were used. The Galerkin
finite element method was adopted in their numerical studies,
which provided the flow® and temperature* patterns inside the
noncircular annulus. However, only the flowfield was inves-
tigated in their experimental works.>® By a square core of
radius ratio 0.6783, an experimental assessment for numerical
result of the fRe factor was made.¢ Excelient agreement sub-
stantiated the reliability of the numerical results. Despite the
foregoing discussion, it seems that no results of a circular duct
with an eccentric noncircular inner core are available in the
open literature.

This paper presents a numerical study for thermally de-
veloped laminar forced convection in a heated circular duct
inserted concentrically or vertically eccentrically with a lon-
gitudinal rectangular adiabatic plate. The flow passage is sche-
matically depicted in Fig. 1 where relative geometric quan-
tities are alsa shown. In addition to the flow and temperature
patterns, effects of aspect ratio of insert (L/H), radius ratio
of the circumscribed circle of insert to duct (RR), and verti-
cally eccentric installation of the insert, on the laminar forced
convection are determined.

II. Theoretical Analysis

Consider steady, laminar fully developed flow with constant
fluid properties in the noncircular annulus of Fig. 1 in which
the duct is assumed to be of axially uniform heat flux, g,
with peripherally constant wall temperature. The mathemat-
ical formulation and solution procedure are outlined in great
detail by Chen and Hsieh’ and only a brief description is
presented he,re The constant axial temperature rising rate is
related to g;, via overall heat balance. The radius of duct, R,,
(—dp/dz)R%/u and q;,R,/k are used to scale length, velocity,
and relative tem’peraturé (with respect to the constant as EV
= (e,/R,)/(1 — RR)). Here dp/dz = axial pressure gradient,
u = fluid dynamic viscosity, k = fluid thermal conductivity,
and e, = vertical eccentricity. Under the above assumptions,
the dimensionless axial momentum and energy conservation
equations are formulated as
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where P, and A, are d1mens1onless outer wall perimeter and
flow area and W, is dimensionless mean velocity of the pas-

. constant u:;nl
% heat flux Qin

.............

Fig. 1 Noncircular annular duct.
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sage. The dimensionless boundary conditions are expressed
as

at inner wall (3a)

W = 0; T=0 at outer wall (3b)

The boundary-fitted coordinate system (BFCS) is employed
to tackle the irregularity of flow passage and a 73 X 36 non-
orthogonal boundary-fitted grid in physical domain is nu-
merically generated with nodes equi-spaced along, and more
grid lines closely packed near, both walls. Equations 1-3 are
therefore transformed to the BFCS and solved by the finite
volume discretized method with SLOR solver in the trans-
formed domain. The friction factor-Reynolds number prod-
uct, fRe, local and averaged outer'wall Nusselt number, Nu
and Nu,,, are obtained as follows’:

fRe = D}/(2W,);  Nu = (g,%,)ph/n

Nu,, = —D,/T, 4)

where D, and T, are the dimensionless hydraulic diameter
and bulk temperature.

III. Results and Discussion

Present solution procedure has been validated by Chen and
Hsieh” with results of maximum deviation of the order of 1%:
The numerical results are presented over EV value ranging
from 0.0 to 0.4 for plate inserts of aspect ratios of 1, 2, 5,
and 8 with RR value varying from 0.2 to 0.8. Figure 2 displays
the cross-sectional contours of isotherms and normalized iso-
vels, W/W,,, of some cases. Due to the nature of symmetry,
the isovels and isotherms are plotted separately in the right
and left halves of annuli with the dots denoting the positions
of (W/W,,)imax- The corresponding T, and (W/W,),.., values
of these cases are also listed. The contours are equi-spaced
with spacing values listed below the figure. Note that the
radial distribution of W/W,, value at each angular location is
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Fig. 2 Flow and temperature patterns of some cases.

c) Eccentricity ratio effect

Fig. 3 Angular variations of Nu value.

nearly parabolic with a peak somewhat near the insert.? The
highest fluid temperature appears at the outer wall due to the
specified heat condition. A close examination of Fig. 2 reveals
that distributions of flow and inner wall temperatures are
inversely proportional to that of flow rate in each annulus.
By comparing the flow and temperature patterns of the
square insert (L/H = 1) with those of the thin-plate insert
(L/H = 5), it is found that, under the same RR value, these
patterns alter significantly as the insert shape changes from
square to rectangle. Although not shown, similar patterns to
those of thin-plate insert are also observed for plate inserts
of L/H = 2 and 8. Symmetry about the diagonal of the insert
is found in the square insert case. For each insert, it is found
from the isovel distribution that the aforementioned W/W,,

- peak is highest at angular location through the center of the

gap having the largest clearance and lowest through that hav-
ing the smallest clearance. This implies that the flow rate
through a gap is proportional to its clearance. The isotherms
are circular near the outer wall and deflect toward the insert
due to its adiabatic condition.

Two thin-plate inserts of RR = 0.2 and 0.5 are chosen to
inyestigate the effect of radius ratio on the flow and temper-
ature patterns. At RR = 0.2, the radial distribution of axial
velocity shows little angular variation and the isotherms are
circular in most regions. As the RR value increases, however,
the flow rate increases, but fluid temperature decreases in the
high flow rate region. The opposite trend occurs in the low
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flow rate region. As a result, the flow and temperature pat-
terns become more angularly variant.

The effect of vertically eccentric installation of the insert
on flow and temperature patterns is typically presented by
placing the concentric (EV = 0.0) thin-plate insert of RR =
0.5 in a vertically eccentric position (EV = 0.4). Upwardly
shifting the insert increases and decreases, respectively, the
flow rates in the lower and upper regions and causes the
angular location of the lowest W/W,, peak to shift from the
location in the concentric case to the upper region. Conse-
quently, higher and more uniform fluid temperatures exist in
the upper region.

A. Local Nusselt Number

Angular variations of local Nusselt number, Nu, of rep-
resenting cases are displayed in Fig. 3 in which the angular
coordinate, 6, is measured clockwise from the positive y axis
(Fig. 1). Due to the nature of the symmetry of temperature
pattern, such variations are presented over @ values ranging
from 0 deg (through the upper gap center) to 180 deg (through
the lower gap center). Comparison with the flow pattern shows
that the distribution of Nu value is proportional to that of
flow rate in each annulus.

The angular variations of the Nu value of various aspect
ratio inserts with RR = 0.5 are depicted in Fig. 3a. In ac-
cordance with the flow pattern of each insert, wavy variation
for the square insert and sinusoidal-like variations for other
plate inserts are observed. The difference between the highest
and lowest Nu values becomes significant in cases of rectan-
gular plate inserts. As evidenced in Fig. 3b by thin-plate insert
with various RR values, the angular variation of Nu value is
nearly negligible for RR = 0.2 and becomes more appreciable
with increasing the difference between the highest and lowest
Nu values as the RR value increases. The reason for the
increase of difference is attributed to the increase of fluid
temperature in the low flow rate region with the increase of
RR value. The higher the RR value is, the larger the difference
becomes. Figure 3c shows the angular variations of Nu value
of the thin-plate insert with RR = 0.5 for various EV values.
It is found that eccentrically placing the insert vertically de-
creases the lowest Nu value and the 8 value where it occurs.
The difference between the highest and lowest Nu values
increases with the increase of EV value.

B. Overall Friction Factor and Nusselt Number

Tables 1 and 2 summarize the fRe factors and Nu,, values
of some inserts with concentric installation and vertically ec-

Table 1 fRe factor and Nu,, value in a concentric case

fRe/Nu,, for RR

L/H 0.2 0.4 0.6 0.8
1 22.50/4.818 23.03/4.852 23.09/4.806  21.68/4.237
2 22.41/4.799 22.68/4.691 21.48/3.994 17.24/2.620
5 22.15/4.762 22.23/4.552 20.46/3.863 16.54/2.993
8 22.02/4.748 22.12/4.536 20.49/3.932 17.04/3.213

Table 2 fRe factor and Nu,, value in an eccentric case

fRe/Nu,, for EV
L/H RR 0.0 0.2 0.4

1 0.5 23.15/4.853 22.28/4.331 20.06/3.453
2 0.5 22.34/4.456 21.54/3.946 19.47/3.118
5 0.2 22.15/4.762 21.41/4.482 19.51/3.971
0.5 21.63/4.269 21.03/3.923 19.44/3.281
0.8 16.54/2.993 16.43/2.927 16.10/2.755
8 0.5 21.55/4.279 21.01/3.976 19.56/3.387
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centric installation, respectively. A close examination of Table
1 reveals that the fRe factor and Nu,, value of the square
insert are less sensitive to the RR value than those of any
other plate insert. For the square insert, the fRe factor in-
creases first then reaches a maximum at a certain RR value
with the increase of the RR value.! It is also the case for the
Nu,, value. For any other plate insert, while the fRe versus
RR relations are similar to that of the square insert, the Nu,,
value decreases with the increase of the RR value. Note that
the higher the aspect ratio of insert is, the lower the RR value
of the largest fRe factor becomes. Note that the fRe factor
and Nu,, value of inserts with large aspect ratios (L/H = 5)
are nearly independent of the aspect ratio. Generally speak-
ing, in these studied installations, the square insert has the
highest fRe factor and Nu,, value for each RR value among
the inserts studied.

The effect of vertically eccentric installation of inserts of
RR = 0.5 with various aspect ratios on the fRe factor and
Nu,, value is given in Table 2. In the L/H = 5 case, results
of RR = 0.2 and 0.8 are also provided for reference. For
each insert, the vertically eccentric installation is found to
decrease the fRe factor and Nu,, value. The higher the aspect
ratio of insert is, the slower the decreasing rate becomes. Note
that the fRe factor and Nu,, value of plate insert of L/H = 5
are also nearly independent of the aspect ratio in the vertically
eccentric installation case.

IV. Conclusions

The thermally developed laminar forced convection in an
axially uniformly heated circular duct inserted concentrically
or vertically eccentrically with an adiabatic longitudinal rec-
tangular plate has been numerically studied. The flow rate
through a gap is found proportional to the gap clearance. The
distribution of the local Nusselt number is proportional, but
those of fluid and inner wall temperatures are inversely pro-
portional to that of flow rate in each annulus. Inserts of rec-
tangular cross section have similar flow and temperature pat-
terns that are different from those of the square insert. The
square insert has been shown to have the highest fRe factor
and Nu,, value at each RR value studied. Vertically eccentric
installation of the insert decreases the fRe factor and Nu,,
value. The higher the L/H value, the slower the decreasing
rate. The fRe factor and Nu,, value of the insert of large aspect
ratio become nearly independent of the aspect ratio in con-
centric and vertically eccentric installations.
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